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Resolution of inflammation has historically been viewed as a passive process, occurring as a result of the withdrawal of
pro-inflammatory signals, including lipid mediators such as leukotrienes and prostaglandins. Thus, most anti-inflammatory
drugs have traditionally targeted primarily mediator pathways that are engaged at the onset of inflammation. Only recently has
it been established that inflammation resolution is an active process with a distinct set of chemical mediators. Several clinical
and epidemiological studies have identified beneficial effects of polyunsaturated fatty acids (PUFAs) for a variety of inflamma-
tory diseases, yet without mechanistic explanations for these beneficial effects. Resolvins and protectins are recently identified
molecules that are generated from ®-3 PUFA precursors and can orchestrate the timely resolution of inflammation in model
systems. Dysregulation of pro-resolving mediators is associated with diseases of prolonged inflammation, so designing
pharmacological mimetics of naturally occurring pro-resolving mediators offers exciting new targets for drug design. This
review describes the discovery and synthesis of these novel lipid mediators, their receptors and mechanisms of action, and
summarizes the studies to date that have uncovered roles for resolvins and protectins in disease states.
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Introduction

Inflammation is an essential biological process for mainte-
nance of homeostasis and recovery from tissue injury or
foreign pathogens. Prolonged inflammation, however, can be
destructive and maladaptive, leading to disease and tissue
destruction (Nathan, 2002). Despite many recent advances in
the treatment of inflammatory disorders, mechanisms for the
resolution of inflammation are still poorly understood and
provide many new potential therapeutic targets in addressing
diseases associated with unresolved inflammation (Gilroy
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et al.,, 2004; Serhan et al., 2008). Resolution has been well
appreciated to be one of the four major outcomes for acute
inflammation, along with progression to chronic inflamma-
tion, abscess development or scar formation (Cotran and
Collins, 1999) (Figure 1). It was traditionally believed that
resolution of inflammation was a passive process (Cotran and
Collins, 1999), driven primarily by the declining levels of
pro-inflammatory mediators over time and ‘fizzling out’ of
the acute inflammatory response. Recent studies have dem-
onstrated, however, that effective resolution of inflammation,
including timely clearance of leukocytes and return of host
stromal/parenchymal cells to a ‘non-inflammatory’ state, a
process known as catabasis, is indeed an active process and is
similar in complexity to the onset of inflammation (as
reviewed in Serhan et al., 2004). Teleologically, the host can
better control the onset and resolution of inflammatory
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lllustration of the potential fates for acute inflammation. Tissue injury activates the release and formation of arachidonate-derived

prostaglandins and leukotrienes, which regulate early events in the inflammatory response, such as changes in blood flow, oedema and
leukocyte recruitment. Specialized counter-regulatory lipid mediators, such as lipoxins, resolvins and protectins, are generated at a later time
and act in a tissue-specific manner to initiate the resolution of inflammation.

responses by having both positive and negative regulatory
inputs. It can then be reasoned that, in addition to excessive
activation of pro-inflammatory cascades, perturbations of
counter-regulatory circuits could also account for diseases
characterized by runaway inflammation.

The resolution of acute inflammation is complex and
involves several distinct cellular mechanisms. Cell clearance
is critical to resolution and is driven both by apoptosis of
leukocytes (Savill et al., 1989; Haslett, 1992; Rossi et al., 2006)
and egress from tissues (Uller et al., 2006). Clearance of the
inflammatory site is mediated in part via the non-phlogistic
recruitment of monocytes that, as macrophages, participate
in the phagocytosis of apoptotic cells and microbes (Godson
et al., 2000; Schwab et al., 2007). In addition, mechanisms
unique to mucosal surfaces exist to release neutrophils [poly-
morphonuclear leukocytes (PMNs)] from the apical surfaces
of epithelial cells into the lumen for tissue clearance (Camp-
bell et al., 2007).

A number of different indices have been developed to
define and monitor resolution of acute inflammation, includ-
ing the maximal number of PMNs, the time at which neutro-
philic inflammation peaks, and the resolution interval (R;) or
time needed to decrease maximal PMN numbers by 50%
(Bannenberg et al., 2005). As cell numbers decline, levels of
pro-inflammatory cytokines decrease and eicosanoid class
switching changes from generating pro-inflammatory lipid
mediators [e.g., leukotrienes (LTs) and prostaglandins (PGs)]
to anti-inflammatory mediators [e.g., lipoxins (LXs), resolvins
(Rvs) and protectins (PDs)] (Serhan et al., 2000; 2002; Levy
etal.,, 2001). In addition to anti-inflammatory actions on
PMNs, such as inhibition of superoxide anion generation and
endothelial transmigration, LXs, Rvs and PDs promote reso-
lution by enhancing macrophage-mediated clearance of apo-
ptotic PMNss (as reviewed in Serhan et al., 2008). In addition,
apoptotic PMNs and T cells can sequester pro-inflammatory
peptide mediators by CC chemokine receptor 5 (CCRS)
expression (Ariel et al., 2006). Other pro-resolving cellular
mechanisms include regulation of pro-inflammatory vascular
adhesion molecule expression (Filep et al., 1999), angiogen-
esis (Cezar-de-Mello et al., 2008), fibrosis (Sodin-Semrl et al.,
2000) and modulation of endogenous signal transduction
pathways to terminate inflammatory responses (Levy et al.,

1999; Lawrence et al., 2005). This range of actions can lead to
potent regulation of R; and other resolution indices in experi-
mental models of acute inflammation (Bannenberg etal.,
2005). In this review, we provide an update on recent progress
in Rv and PD biosynthesis, sites of action and their anti-
inflammatory and pro-resolving properties.

Rv and PD biosynthesis — lessons learned from the
lipoxins and their 15-epimers

Distinct series of pro-resolving lipid mediators are generated,
depending on the parent substrate and the presence or
absence of aspirin. LXs and aspirin-triggered lipoxins (ATL),
for example, are generated in a transcellular fashion from
arachidonic acid (Fiore and Serhan, 1990; Claria and Serhan,
1995 ). While LX biosynthesis occurs via interactions between
S-lipoxygenase (5-LOX) and either 12-LOX or 15-LOX,
the generation of closely related 15-epimer-LXs occurs
via interactions between 5-LOX and aspirin-modified
cyclooxygenase-2 (COX-2) (Claria and Serhan, 1995). Expres-
sion of COX-2 is increased during acute inflammation (Fuku-
naga etal.,, 2005) and the ingestion of aspirin leads to
acetylation of COX-2, which blocks PG formation (Samuels-
son, 1982). Acetylated COX-2 is not catalytically inactive,
converting arachidonic acid to 15(R)-HETE rather than PGs
(Claria and Serhan, 1995). 15(R)-HETE can serve as a substrate
for 5-LOX for transformation to 15(R)-LXA,. Aspirin-triggered
15-epi-LXs are ~twofold more potent than 15(S)-LXs (Takano
et al., 1998; Serhan and Chiang, 2008 ). Of interest, 15-epi-
LXs can also be generated in the absence of aspirin by cyto-
chrome p450-mediated generation of 15(R)-HETE (Claria
etal., 1996).

Similar to arachidonic acid-derived LXs and 15-epi-LXs, a
series of novel compounds derived from 57,87,117,147,17Z-
eicosapentaenoic acid (EPA) and 4Z7,77,107,137Z,16Z,19Z-
docosahexaenoic acid (DHA), the most abundant omega-3
polyunsaturated fatty acids (PUFAs) in cold water marine fish
oils, have recently been discovered in resolving murine
inflammatory exudates (Serhan etal., 2000; 2002; and as
reviewed in Serhan et al., 2008). These naturally occurring
bioactive lipid mediators are termed Rvs (derived from
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Figure 2 Biosynthesis of E-series resolvins (Rvs). Eicosapentaenoic acid is converted to 18R-hydroperoxy-EPE stereoselectively by cytochrome
p450 in microbes or aspirin(ASA)-acetylated cyclooxygenase-2. This intermediate can then be further transformed by leukocyte 5-lipoxygenase
to 5S-hydroperoxy-18-hydroxy-EPE for subsequent enzymatic epoxidation to RvE1 or reduction to RvE2. RvVET can interact with either
ChemR23 or BLT1 to mediate cell-type specific effects. Metabolism of RVE1 is initiated by conversion to the biologically inactive 18-oxo-RVET.
The receptor and inactivation of RvE2 are yet to be molecularly characterized.

‘resolution phase interaction products’) (Figures 2 and 3) and
PDs (Figure 4). Rvs are categorized as either E-series (from EPA)
or D-series (from DHA) and aspirin-triggered epimers have
been identified for each family (as reviewed in Serhan and
Chiang, 2008). Similar to LXs, protectin D1 (PD1) is a product
of 15-LOX-mediated conversion of a PUFA substrate, in this
case DHA (Hong et al., 2003; Serhan et al., 2006). Rvs and PDs
possess stereospecific and potent immunoregulatory actions
that are protective in vitro and in vivo (Serhan et al., 2008).
Further evidence has demonstrated roles for these com-
pounds, in particular PD1, in protection of retinal epithelial
cells (Mukherjee etal.,, 2004; Mukherjee etal., 2007b),
experimental stroke-related ischaemia-reperfusion injury
(Marcheselli et al., 2003) and animal models of Alzheimer’s
disease (Lukiw et al., 2005). Careful structure-function analy-
ses for each Rv and PD1 have been determined using a murine
experimental model of peritonitis (reviewed in Serhan and
Chiang, 2008). Cellular and molecular actions for Rvs and
PD1 are reviewed in Table 1.

Using the same COX and LOX enzymes operative during
the initiation of acute inflammation in converting arachi-
donic acid (0-6) to PGs and LTs, the host is able to shift the
chemical mediator profile from pro-inflammatory to pro-
resolving by modulating biosynthetic pathways to induce
15-LOX expression and activity to generate LXs, RVs and PD1.
Disruption of this class switching process by COX-2 or LOX
enzyme inhibitors or deficiency blocks the timely resolution
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of leukocyte clearance (Fukunaga et al., 2005; Schwab et al.,
2007); demonstrating critical roles for pro-resolving COX-2
and LOX derived mediators in inflammation resolution. This
experimentally derived resolution deficit can be rescued with
exogenous administration of pro-resolving mediators at doses
that are less than the inhibitor dose required to interrupt
COX-2 and LOX enzymatic cascades (Schwab et al., 2007). In
addition, animals can be protected from inflammatory dis-
eases by overexpression of 15-LOX (Shen et al., 1996; Serhan
et al., 2003) or expression of human anti-inflammatory recep-
tors, such as the human lipoxin A, receptor (ALX) (Levy et al.,
2002; Devchand et al., 2003). These findings emphasize that
the biochemical synthesis of these protective compounds is
enzymatically mediated and leads to stereospecific molecules
that interact with specific high affinity receptors. In this way,
Rvs and PDs are distinct from auto-oxidation products of DHA
and EPA, which are non-specific and can also be present
during inflammation (Lee etal., 1984). The relationship
between endogenous anti-inflammatory mediators and
timely resolution is depicted in Figure 1.

Identification of novel compounds via
lipidomic profiling

Rvs and PDs were initially identified by harvesting in vivo
exudates during the resolution phase of acute inflammation,
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Figure 3 Biosynthesis of D-series resolvins (Rvs). DHA can be enzymatically converted to several distinct Rvs. (A) Similar to EPA, aspirin(ASA)-
acetylated cyclooxygenase-2 or cytochrome p450 can convert docosahexaenoic acid (DHA) to a stereoselective intermediate, 17R-
hydroperoxy-DHA, for subsequent enzymatic conversion to the 17R-RV D series (AT-RvD1-4). (B) Generation of RvD1-4 from DHA proceeds via

a 15-lipoxygenase-mediated conversion to 17S-H(p)-DHA.

defined by the time period of rapidly declining PMN cell
numbers (Cotran and Collins, 1999). The mouse dorsal air
pouch model was selected for isolation of these mediators
because it allows for the cellular and biochemical analysis of

limited, self-resolving acute inflammatory responses, facilitat-
ing the isolation and discovery of molecules involved in this
spontaneous resolution of inflammation (Winyard, 2003).
Mice were injected with TNF-o. and exudates were collected
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4 h later, when PMN numbers were decreasing (Serhan
et al., 2000; 2002). These exudates were taken to liquid-
chromatography-ultraviolet-mass spectrometry (LC-UV-MS-
MS)-based lipidomic analyses (as reviewed in Serhan et al.,
2007). In tandem, multiple lipid mediator libraries with
physical properties, such as MS and MS/MS spectra, elution
times and UV spectra were constructed to compare mediators
isolated from exudates for matching purposes (Lu etal.,
2005). As novel compounds were isolated, retrograde analysis
was carried out using biogenic as well as total organic synthe-
sis to identify structures and characterize stereochemistry
(Serhan et al., 2000; 2002; 2006; Hong et al., 2003; Arita et al.,
2005a; Sun et al., 2007). Using these methods, several classes
of Rvs and PDs were identified.

EPA-derived E-series Rvs

Resolvin E1 (RvE1l) and Resolvin E2 (RvE2), two major prod-
ucts in the family of EPA-derived resolvins, were originally
isolated in vivo from murine dorsal air pouches treated with
aspirin and EPA and were also generated in vitro from
co-incubation of human endothelial cells with PMNs
(Serhan et al., 2000). RvEl is spontaneously produced in
healthy subjects and levels are increased in individuals
taking aspirin and/or EPA (Arita et al., 2005a). Transcellular
formation of RvE1 can occur with the conversion of C20:5
to 18R-HEPE (18R-hydroxyeicosapentaenoic acid) by endot-
helial cells expressing COX-2 and treated with aspirin.
Similar to 15(R)-HETE in 15-epi-LX formation, 18R-HEPE
can be released from endothelial cells to neighboring leuko-
cytes for subsequent conversion by 5-LOX to RvE1l via a 5(6)
epoxide-containing intermediate (Serhan et al., 2000; Arita
et al., 2005a) (Figure 2). This interaction is blocked by selec-
tive COX-2 inhibitors but not by indomethacin or acetami-
nophen (Serhan et al., 2000). Using gas chromatography-MS
and liquid chromatography-tandem-MS-MS-based lipidomic
analysis, the basic structure of this compound was eluci-
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dated as 5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-EPA and
complete stereochemistry was confirmed using total organic
synthesis (Serhan etal.,, 2000; Arita etal., 2005a). This
compound was found to be highly stereoselective both
in vivo and in vitro. Synthesis of RvEl is summarized in
Figure 2.

RvEl decreases PMN tissue accumulation by blocking
human PMN transendothelial migration (Serhan et al., 2000)
and facilitating apical PMN clearance from mucosal epithe-
lial cells (Campbell et al., 2007). Other bioactions of RvE1
include attenuation of LTB4-BLT1 pro inflammatory signaling
(NF-xB activation) (Arita et al., 2007), inhibition of PMN
superoxide anion generation in response to TNFo or the
bacterial surrogate peptide N-formyl-methionyl-leucyl-
phenylalanine (Gronert et al., 2004), stimulation of mac-
rophage phagocytosis of apoptotic PMNs (Schwab etal.,
2007), inhibition of dendritic cell migration and cytokine
release (Arita et al., 2005a; Haworth et al., 2008), and upregu-
lation of CCRS expression on leukocytes (Ariel et al., 2006).
In addition to potent anti-inflammatory properties in acute
inflammation, administration of RvE1 in a rabbit model of
periodontitis also resulted in complete regeneration of
damaged tissues, including bone, and normalization of sys-
temic markers of inflammation, including C-reactive protein
and IL-1B (Hasturk etal., 2007). Moreover, pre-treatment
with RvEl, in contrast to molecules of the LX series, also
conferred dramatic protection from inflammation-induced
tissue and bone loss in periodontitis (Hasturk et al., 2006). In
the murine dorsal air pouch model, RvE1 proved to be log-
orders more potent than its dexamethasone or aspirin coun-
terparts. Only nanogram amounts of RvE1 reduced leukocyte
infiltration by 50-70% as compared with microgram
amounts of dexamethasone or milligram amounts of aspirin
(Serhan etal., 2000; Arita etal.,, 2005a). Recent studies
have revealed that RvEl is a potent modulator of pro-
inflammatory leukocyte expression molecules, such as
L-selectin, and selectively disrupts thromboxane-mediated
platelet aggregation (Dona efal., 2008), adding additional
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mechanistic explanations to its anti-inflammatory and pro-
resolving actions. LXA, and RvE1l prevent pathological
inflammation that can be detrimental, but also regulate
physiological inflammation that is beneficial to the host,
such as in wound healing. For example, when mouse cornea
undergoes thermal injury, topically applied LXA, or RvEl
increases the rate of re-epithelialization by 75% and
decreases levels of the pro-inflammatory chemokine CXCL1
by 60% (Gronert et al., 2005). Overall, RvE1 initiates resolu-
tion of inflammation and causes decreased numbers of PMNs
in exudates at earlier times than spontaneous resolution (as
reviewed in Serhan et al., 2008).

Bioactive eicosanoids, such as PGs, LTs and LXs, transduce
their signals via interactions with specific cognate receptors
(Brink et al., 2003). Similarly, structure-activity assays sug-
gested the presence of receptors for EPA-derived RvEl, and
recently RVE1 cognate receptors were identified by screening
G-protein-coupled receptors with assays of RvEl-mediated
inhibition of TNF-a induced NF-kB activation as an endpoint
(Arita et al., 2005a). [*H]-labeled RvE1 specifically binds to the
receptor ChemR23, which shares a 36.4% homology of its
amino acid sequence with ALX and is expressed on dendritic
cells and monocytes (Arita etal., 2005a). In addition to
blocking cytokine-induced NF-«B activation, RvE1 binding to
leukocytes initiates specific arrays of intracellular signals,
including activation of mitogen-activated protein (MAP)
kinases (Arita et al., 2005a). ChemR23 was previously identi-
fied as a receptor for the peptide chemerin that also trans-
duces anti-inflammatory signals (Cash et al., 2008). Thus, like
ALX (Perretti et al., 2002), ChemR23 can interact with either
lipid or peptide ligands. The specific binding of RvE1l to
human PMN membrane occurs with high affinity with a K of
48.3 nM at 4°C. This [*H]-labeled RvE1 binding to PMN mem-
branes can be displaced by unlabelled RvE1l (K;=34.3 nM),
LTB, (Ki = 0.08 nM), as well as LTB, receptor 1 (BLT1) selective
antagonist U-75302 (K;=1.5 nM). Interestingly, [*H]-RvE1
binding to human ChemR23 competed with homoligand
RvEl (K;=330nM) or chemerin peptide (K;=429 nM), but
not with LTB,. These findings suggest binding sites on human
PMN:s distinct from ChemR23 (Arita et al., 2007). RvE1 inter-
actions at BLT1 lead to partial agonist/antagonist effects to
locally dampen LTB,-BLT1 signals on PMNs (Arita etal.,
2007). Therefore, it can be concluded that RvE1 is acting via
at least two distinct receptors, exerting antagonist effects on
LTB,s-BLT1 signals on PMN activation and as a ChemR23
agonist to decrease cytokine production by dendritic cells and
enhance clearance of apoptotic PMNs by macrophages.

Metabolic pathways for RvEl inactivation have recently
been uncovered and found to include enzymatic NAD*-
dependent dehydrogenation that is regiospecific at carbon 18
to generate 18-oxo-RvE1 (Arita et al., 2006). These RvE1 inac-
tivation pathways are species-, tissue- and cell-type specific
with different metabolites generated in the lung compared
with human PMNs in peripheral blood (Arita et al., 2006).
Metabolomic profiles of RvE1 have identified additional prod-
ucts, including 10,11-dihydro-RvE1 and 20-carboxy-RvEL.
Direct comparisons of 10,11-dihydro-RvE1, 18-oxo-RvEl and
20-carboxy-RvE1 with RvEl indicated decreased bioactivity
in vivo for the metabolites relative to RvE1, which was active
at concentrations as low as 1 nM, for increasing macrophage
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phagocytosis (Hong et al., 2008). Regulation of this pro-
resolving activity by metabolic inactivation provides tissue
and cell-localized control and mechanisms for restoration of
homeostasis.

RvE2 is a second member of the EPA-derived family of
E-series Rvs, and shares homology to RvE1l (Tjonahen et al.,
2006). The full stereochemical structure for RvE2 is 5S,18(R/
S)-dihydroxy-eicosapentaenoic acid (Figure 2). RvE2 is syn-
thesized by human PMNs in amounts greater than RvEl,
equipotent to RvE1 when given intravenously and additive to
RvEl at low doses when given intraperitoneally (Tjonahen
et al., 2006). The RvE2 receptor is yet to be molecularly char-
acterized. RvE2 stops zymosan-induced PMN infiltration and
displays potent anti-inflammatory properties in murine
peritonitis (Tjonahen et al., 2006).

D-series Rvs

D-series Rvs were also initially discovered in resolving exu-
dates of mice given DHA plus aspirin. The aspirin-triggered Rv
D1 (AT-RvD1) and RvD1 are derived from DHA, involving a
pathway with sequential oxygenations, initiated by 15-LOX
or aspirin-acetylated COX-2, respectively, followed by 5-LOX
with an epoxide containing intermediate (Figure 3). For
AT-RvDs, DHA is initially converted to 17R-hydroxy-
47,77,10Z,13Z,15E,19Z-docosahexaenoic acid (17R-HDHA).
The stereochemistry at carbon 17 is conserved, so AT-RvDs
each carry a 17R alcohol group configuration, resulting in a
distinct series of AT-Rvs — AT-RvD1 to AT-RvD4 (Figure 3A). In
the absence of aspirin, endogenous DHA substrate is enzy-
matically converted in vivo to 17S alcohol containing series
of Rvs (RvD1-RvD4) (Figure 3B), and triene-containing
structures via a LOX-mediated mechanism (Hong etal.,
2003). The complete stereochemistry of RvD1 (7S,8R,17S,-
trohydroxy-4Z,9E,11E,13Z,15E,9Z-docosahexaenoic acid) and
AT-RvD1 (7S,8R,17SR-trihydroxy-4Z,9E,11E,13Z,15E,19Z-
docosahexaenoic acid) was recently confirmed (Serhan et al.,
2002; Sun et al.,, 2007). RvD1 synthesis requires a two-step
enzymatic process in vivo, yet it can be generated in vitro with
a one-pot single enzyme incubation (Sun et al., 2007).

These products’ counter-regulatory bioactions were deter-
mined in structure-function assays for control of peritoneal
PMN infiltration (Serhan et al., 2002; Sun et al., 2007). Bioac-
tive compounds were structurally characterized using retro-
grade analysis to determine the route of synthesis and origin
of these compounds (Serhan et al., 2002). In murine peritoni-
tis, RvD1 is equipotent to AT-RvD1, limiting PMN infiltration
in a dose-dependent fashion (Sun et al., 2007). RvD1 is also
more resistant to metabolic inactivation than LXA, but it is
eventually converted to 17-oxo-RvD1, which is biologically
inactive (Sun et al., 2007).

PDs

DHA also serves as a precursor for the biosynthesis of addi-
tional bioactive counter-regulatory lipid mediators. For (neu-
ro)protectin D1 (N)PD1 formation, DHA is rapidly released for
conversion to 17S-hydroxy-DHA that serves as a biosynthetic



precursor (Serhan et al., 2006) (Figure 4). The complete stere-
ochemistry of PD1, the lead member of the PD family, was
characterized by total organic synthesis of related isomers and
matching studies with biologically derived compounds to
show that PD1 (NPD1, when generated in neural tissues) is
10R,17S-dihydroxy-docosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoic
acid (Serhan et al., 2006). The geometry of the double bonds
and intermediates confirmed that, in fact, PD1 is generated
enzymatically by 15-LOX via an epoxide intermediate at the
16(17) position (Hong et al., 2003; Serhan et al., 2006).

PD1 is synthesized by human peripheral blood mono-
nuclear cells and in Th2 CD4" T-cells in a LOX-dependent
manner (Hong ef al., 2003; Serhan et al., 2006). This naturally
occurring autacoid has been isolated from murine exudates,
murine brain cells, human microglial cells (Serhan et al.,
2002) and in peripheral human blood (Hong et al., 2003). PD1
is log orders of magnitude more potent than its parent com-
pound DHA (Hong et al., 2003; Duffield et al., 2006; Serhan
etal.,, 2006; Levy etal., 2007a) and demonstrates tissue-
specific bioactivity. These effects are in contrast to the less
potent and non-selective effects of positional isomers of PD1,
including 4S,17S-diHDHA or 75,17S-diHDHA (Hong etal.,
2003).

In Alzheimer’s disease, NPD1 biosynthesis is activated by
soluble amyloid precursor protein-o (Lukiw et al., 2005). In
this disorder, levels of DHA, NPD1 and 15-LOX are selectively
decreased in the hippocampus, providing a plausible mecha-
nism for decreased neuroprotection in Alzheimer’s disease;
that being less inhibition of apoptosis and subsequently,
increased neuronal cell death (Marcheselli etal.,, 2003;
Mukherjee et al., 2004; Lukiw efal.,, 2005). In a placebo-
controlled randomized trial, Alzheimer’s disease patients
treated with DHA-rich dietary supplements had reduced
release of IL-1B, IL-6 and granulocyte colony-stimulating
factor from peripheral blood mononuclear cells (Vedin et al.,
2008). Retinal pigment epithelium cells generate NPD1 when
undergoing oxidative stress, allowing for up-regulation of
anti-apoptotic proteins (BCL-2, BCL-X,), down-regulation of
pro-apoptotic proteins (BAD and BAX) and toxic metabolite
A2E-mediated apoptosis, protecting them from oxidative-
stress-induced apoptosis and cell aging (Mukherjee etal.,
2004; Mukherjee etal., 2007a,b). Following an ischaemic
stroke, 17-R D-series Rvs are generated (in the presence of
aspirin) and leukocyte infiltration and pro-inflammatory gene
expression are countered by the generation of NPDI1
(Marcheselli et al., 2003).

Interestingly, airway mucosa is also enriched with DHA,
and intriguing bioactivity for PD1 has recently been demon-
strated in an experimental model of asthma (Levy etal.,
2007a). Administration of PD1 (2-200 ng) intravenously to
allergen-sensitized mice just prior to aerosol allergen chal-
lenge, protected the animals from the development of airway
hyperresponsiveness and eosinophilic and T-cell-mediated
inflammation. In this model, PD1 also dampened levels of
Th2 inflammatory cytokines, pro-inflammatory lipid media-
tors and airway mucus (Levy et al., 2007a). These protective
actions were also observed with PD1 when it was adminis-
tered after airway inflammation was already established. In
this setting, intravenous PD1 (20 ng) potently accelerated
resolution of the allergic airway inflammation (Levy et al.,
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2007a). PD1’s observed in vivo effects also include decreased
T-cell migration, TNF and interferon-y signalling and promo-
tion of T-cell apoptosis (Ariel et al., 2005).

For purposes of comparison, LX-mediated resolution of
lung injury and inflammation has been investigated in several
animal models (Levy et al., 2002; Fukunaga et al., 2005; Levy
et al., 2007b). With murine allergic airway responses, LXs and
PD1 share similar protective actions, yet several differences
also exist, supporting the notion that these counter-
regulatory autacoids have distinct signalling pathways. While
both LXs and PD1 block IL-13 and CysLT (cysteinyl leukot-
riene) generation without significant effects on IL-12 concen-
trations in bronchoalveolar lavage fluids (BALFs), the ~ICs
dose for PD1 was approximately 1 log lower than for bioactive
analogs of LXA, (Levy et al., 2002; 2007a,b). IL-5 production
was reduced in BALFs by LX-stable analogs, but not by
PD1 (Levy etal.,, 2002; 2007a,b). Of note, administration
of PD1 led to decreased levels of LXA,, indicative of
a LX-independent signalling pathway. In addition, PD1
decreases levels of PGD,, a key prostanoid implicated in
airway responses as well as the induction of 15-LOX, and
consequently, LX biosynthesis (Levy etal.,, 2001; 2007a).
Together, these findings point to distinct pro-resolving signal-
ling pathways for PDs and LXs. Relative to the prominent
clinical asthma therapeutic montelukast, PD1, LXs, LX stable
analogs and RvE1 are at least as potent and all display broader
immunomodulatory actions (Levy et al., 2002; 2007a,bAoki
et al., 2008; Haworth et al., 2008).

In addition to its role in protecting from tissue injury and
inflammation in the lung (Levy et al., 2007a), similar actions
for PD1 are observed in renal tissues. In response to
ischaemia-reperfusion injury, murine kidneys spontaneously
produce both D series Rvs and PD1 (Duffield et al., 2006),
demonstrating that these compounds are endogenously gen-
erated in response to inflammation. Used as a rescue treat-
ment when given 10 min following injury, RvD1 provides
renoprotection, as evidenced by a lower peak serum creati-
nine value at 24 and 48 h following injury. At a cellular level,
tissue leukocytes are reduced and there is inhibition of toll-
like receptor-mediated macrophage activation by both RvD1
and PD1 in this model system (Duffield et al., 2006), indicat-
ing that RvD1 and PD1 can serve as ‘braking’ signals to
prevent a runaway inflammatory response. Similarly to RvE1,
PD1 also shifts the onset of resolution to an earlier time point
than spontaneous resolution and decreases the Ri for PMNs.
Both RvE1 and PD1 also up-regulate CCRS on PMNs, which
acts as a ‘stop signal’ to chemokine signalling by clearing
pro-inflammatory CCRS ligands from the inflammatory
milieu (Ariel et al., 2006) (Table 1).

Molecular insights to clinical observations

Since 1929, it has been established that omega-3 fatty acids
are essential to health, and dietary deficiency can lead to
disease (Burr and Burr, 1929). Multiple epidemiological
studies that followed this initial discovery have further dem-
onstrated that omega-3 PUFAs are dysregulated in many
disease states, including atherosclerosis, cystic fibrosis,
asthma, cardiovascular disease, cancer and liver injury
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(Freedman et al., 1999; Nagakura et al., 2000; Marchioli et al.,
2002) and o-6 PUFAs can play pathological roles (Dwyer et al.,
2004). Dietary supplementation of ®-3 fatty acids has proven
to be directly beneficial in multiple scenarios (Das, 2008):
feeding children EPA and DHA versus olive oil (control)
resulted in markedly improved clinical outcomes of decreased
asthma symptom scores and decreased airway responsiveness
to inhaled methacholine challenge (Nagakura et al., 2000).
Mice fed a DHA-enriched diet are protected from carbon-
tetrachloride (CCly)-induced induced necroinflammatory
hepatic injury (Gonzalez-Periz et al., 2006). DHA and EPA
supplementation to healthy subjects results in enhanced
cardiac output, stroke volume and decreased systemic vascu-
lar resistance (Walser and Stebbins, 2008). EPA and DHA
supplementation increases insulin sensitivity in rats (Ander-
sen et al., 2008). Higher umbilical cord DHA concentration is
associated with longer gestation, better visual acuity and
mental and psychomotor performance at 11 months in chil-
dren in arctic Quebec (Jacobson et al., 2008). Women with no
history of vascular disease or risk factors were studied in a
prospective cohort study, and those women who consumed
more fish oils were found to have a lower risk of thrombotic
stroke (Iso et al., 2001).

These studies of dietary supplementation with omega-3
PUFAs serve to highlight the regulation of pathological
inflammation as a potential point for pharmacological inter-
vention. Of particular note, a clinically significant difference
between the rate of death, myocardial infarction and stroke
among patients receiving both aspirin and -3 PUFAs versus
controls was reported in a randomized controlled study
conducted by the Gruppo Italiano per lo Studio della
Sopravvivenza nell’'Infarto miocardico (GISSI) group (GISSI
investigators, 1999). There was no mechanistic explanation
for the beneficial effect of aspirin in the presence of these
PUFAs in this study. Given recent insights, the findings of the
GISSI trial point to aspirin-triggered formation of Rvs from
EPA and DHA in addition to its inhibition of PG and throm-
boxane pathways. If generated during myocardial infarction
or stroke in higher amounts with aspirin and dietary ®-3
PUFA supplementation, Rvs would serve tissue-specific
protective roles for catabasis.

In addition to cardiovascular, renal, hepatic and neural
tissues, EPA and DHA may also serve important protective
functions in injured and inflamed lung. A recent trial of
enteric supplementation with a low-carbohydrate, high-fat
diet enriched with EPA led to substantial improvement in
clinical outcomes in the acute respiratory distress syndrome
(ARDS) (Gadek et al., 1999). Patients receiving the interven-
tion diet had significant decreases (approximately 2.5-fold) in
total cells and PMNs per mL BALF, and significant improve-
ments in oxygenation, mechanical ventilator support and
length of stay in the intensive care unit (Gadek et al., 1999).
In a separate analysis of these subjects’ BALFs, decreased levels
of IL-8 and LTB, were identified and related to the decreased
BALF PMNs and alveolar membrane protein permeability
with the EPA-enriched enteral diet (Pacht et al., 2003). These
exciting findings from a single centre are now being investi-
gated in multiple sites as part of the EDEN-Omega ARDSnet
trial. EPA-derived Rvs have not been studied in these patients,
but RvE1 displays potent protective actions in airway inflam-

British Journal of Pharmacology (2009) 158 960-971

mation (Aoki et al., 2008; Haworth et al., 2008) and RVE2 is a
potent regulator of PMN functional responses (Tjonahen
etal.,, 2006). Airway tissue concentrations of DHA are
decreased in absolute mass and relative to arachidonic acid in
other diseases of pathologic airway inflammation, including
asthma and cystic fibrosis (Freedman et al., 2004). Recently,
PD1 and its biosynthetic precursor 17S-hydroxy-DHA were
identified in exhaled breath condensates from human sub-
jects with decreased levels of PD1 produced during asthma
exacerbations (Levy et al., 2007a). Together with results for
RvEl and PD1 in murine models of asthma, these findings
support roles for EPA- and DHA-derived compounds in pro-
tection from excessive airway inflammation in several lung
diseases.

If Rvs and PDs are the missing link to explain the salutary
effects of dietary supplementation with EPA and DHA, then
individual metabolism of these fatty acids could account for
the variability observed in clinical studies that have had dif-
ficulty establishing benefit in oral supplementation with ®-3
fish oils (Van Biervliet ef al., 2008). Gene by diet interactions
has been established for -6 supplementation and risk for
atherosclerosis (Dwyer ef al., 2004). The important role that
genetic variation can play in PUFA metabolism is emphasized
in recent studies with FAT-1 transgenic mice. Compared with
control animals, mice that are engineered to overexpress fatty
acid desaturase produce higher levels of EPA and DHA plus
increased amounts of Rvs and PDs when challenged with a
pro-inflammatory stimulus (Hudert et al., 2006). These mice
are relatively protected from gastrointestinal inflammation in
colitis (Hudert et al., 2006) and demonstrate less tumour
metastasis from melanoma (Xia et al., 2006).

Mimetics as emerging therapeutic targets for drug
design in inflammatory diseases

Because they are endogenously generated compounds with
protective actions, Rvs and PDs serve as rational templates for
the design of molecular mimetics as potential therapeutics.
Historically, the emphasis in development of anti-
inflammatory drugs has been largely on interfering with the
pro-inflammatory signalling cascade. Only recently has
the focus shifted to augmenting naturally occurring pro-
resolution responses in the host. As more counter-regulatory
chemical mediators are isolated and characterized, newer phar-
macological targets emerge for drug design of stable pro-
resolving mimetics. Similar to the development of aspirin-
triggered LXA, stable analogs (ATLa) (Takano etal., 1997;
Schottelius et al., 2002), an RvE1l stable analog has been
designed and synthesized by chemical modification at the
w-end of RvEl (Arita etal, 2006). The analog, 19-(p-
fluorophenoxy)-RvE1 methyl ester, carries bioequivalence to
native RvE1 in reducing pro-inflammatory cytokines and leu-
kocyte numbers in murine periodontitis, and is highly resis-
tant to w-oxidation or rapid dehydrogenation (Arita et al.,
2006).

These and other bioactive mimetics that resist metabolic
inactivation are currently in development. The exciting pos-
sibility exists that this approach to drug development will



lead to a new genus of pharmacological agents that serve as
mimetics of natural resolution pathways (Serhan and Chiang,
2008). At this juncture, more research is needed on these new
pro-resolving chemical mediators and their mechanisms of
action to learn whether Rvs and PDs will ultimately provide

long sought-after solutions to resolving pathological
inflammation.
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